Abstract. Simulations with a synchronously coupled atmosphere-land-ocean-sea ice model indicate El Niño/La Niña-like events in the eastern tropical Pacific Ocean during the middle Holocene (6 ka) with similar intensities and frequencies as at present (0 ka). July-August-September Sahel precipitation shifts northward as expected from proxy data. For presentday, interannual-decadal variability of western Sahel precipitation is correlated with both Pacific El Niño/La Niña sea surface temperature (SST) anomalies and the Atlantic dipole. Teleconnections at 6 ka between Sahel precipitation and El Niño/La Niña SST anomalies are absent with tropical Atlantic SSTs asserting a dominant influence. These results illustrate potential problems with using present-day teleconnection patterns in interpreting past climate variability from proxy data.
Introduction
The coupled ocean-atmosphere response of the El Niño/Southern Oscillation (ENSO) phenomena of the tropical Pacific explains a significant portion of the interannual variability in the present climate system. The strength of the atmosphere-ocean coupling under enhanced greenhouse gas scenarios [Knutson and Manabe, 1994; Meehl and Washington, 1996] is important to understanding possible future climate states under global warming. A critical question is, how robust is the ENSO signal? Under different background climates, would its intensity or frequency change?
An analysis of Quinn's historical record of El Niño occurrences since 1525 implies that in the recent past only the recurrence intervals of strong El Niño are nonstationary on centenary time scales [Enfield and Cid, 1991] . Interpretation of geoarcheological evidence is still controversial. Faunal evidence on the Peruvian coast of stable, warm tropical water as far south as 10°S latitude has been used to assert the absence of ENSO for some millennia before 5 ka [Sandweiss et al., 1996] . This data may represent changes in coastal morphology and sea level rather than climate, with tropical assemblages living in narrow, warm water embayments and coexisitng with temperate species occupying more open ocean coastal environments [DeVries et al., 1997] . A lower amplitude ENSO system during the Holocene has been proposed as a possible explanation for reduced climate variability in Australasia [McGlone et al., 1992] . Alternatively, due to a different background climate, teleconnections of the ENSO signal to remote regions could have been different than today [Meehl and Branstator, 1992] .
Here, we explore the existence and characteristics of the ENSO signal at 6 ka, a time period when proxy records indicate climatic conditions different than today and when the Earth's orbital parameters resulted in changes in the seasonal and latitudinal distribution of incoming solar radiation [Berger, 1978] . Simulations were conducted with a version of the NCAR Climate System Model, a synchronously coupled atmosphere-land-ocean-sea ice model without flux corrections. The possibility that ENSO might affect remote regional climates differently due to propagation of the signal on the different base climates at 0 ka and 6 ka is illustrated by examining the role of ENSO variability in explaining interannual variations in Sahel precipitation.
Model Description and Experiments
Simulations were conducted with a version of the NCAR Climate System Model (CSM) which consisted for this study of an atmospheric general circulation model (GCM), CCM3 [Kiehl et al., 1998 ], and a land surface biophysics model, LSM 1.0 [Bonan, 1998 ], both at T31 resolution, and an ocean GCM, the NCAR CSM Ocean Model (NCOM) ] and a thermodynamic and dynamic sea ice model [Weatherly et al., 1998] , both run at a resolution of 3.6° in longitude and 1.8-3.6° in latitude. No flux corrections are applied.
The present-day (0 ka) simulation was forced by modernday insolation and atmospheric CO 2 concentrations of 345 ppm. The mid-Holocene experiment (6 ka) was forced with PMIP-specified boundary conditions for orbital and CO 2 parameters [Joussaume and Taylor, 1995] . Atmospheric CO 2 is set to 280 ppm. Maximum increases in solar radiation at 6 ka at the top of the atmosphere occur in June-July at 90°N shifting to October-November at 90°S. Increased insolation of 10-20 W m -2 is received at tropical latitudes during the late summer-early fall.
The atmosphere-land and ocean-sea ice models are spun up separately for equilibrated solutions before running each coupled simulation. This spinup procedure, as detailed in Boville and Gent [1998] , was designed to try to minimize drift in the coupled simulations by providing compatible initial states for the component models. The atmosphere-land models are integrated for 10 years. Present-day sea surface temperatures and sea ice extent are used for both 0 ka and 6 ka. Daily data from the last 5 years of each atmosphere-land simulation is then used to force the corresponding ocean-sea ice simulation for 60 surface ocean/510 deep ocean years. The atmosphere, land, ocean, and sea ice models are then integrated synchronously. GEOPHYSICAL RESEARCH LETTERS, VOL.26, NO. 1, PAGES 87-90, JANUARY 1, 1999 over the last 50 years for either 0 ka or 6 ka with annual average temperatures of 18.5°C and 18.1°C, respectively. Small trends occur within the ocean, less than ±0.5°C per century, and do not significantly affect the results reported here.
Results

Present (0 ka)
The control simulation (0 ka) gives an atmospheric climatology in good agreement with observations and the higherresolution CSM 300-year simulation [Boville and Hurrell, 1998 ]. Tropical precipitation is well simulated, both in magnitude and seasonal regional shifts. A less pronounced equatorial cold tongue in sea surface temperature (SST) in this simulation diminishes the strength of the double ITCZ found in the higher-resolution simulation. Over much of the globe, SST errors are less than 1°C. The spatial distribution and magnitudes of the SST errors are similar to the highresolution experiment [Boville and Gent, 1998 ]. Sea ice areas and volumes compare favorably to observations, with the volumes improved from the high-resolution 300-year simulation due to a more realistic and smaller air-ice drag coefficient used in our experiment.
A common measure of the ENSO signal in the eastern tropical Pacific Ocean is the area-averaged monthly SSTs in the NINO3 region (150-90°W, 5°N-5°S) smoothed with a low-pass 11-point filter to remove fluctuations less than 8 months period [Trenberth, 1984] . For 0 ka, the model produces El Niño/La Niña-like events with maximum/minimum excursions of filtered NINO3 temperatures of ±1.0°C (Fig. 1) . These signals are weaker than observed capturing about 55% of the variability from 1950-1994 [Meehl and Arblaster, 1998 ]. The spatial structures of these events are comparable to observed. The NINO3 index and sea level pressure are negatively correlated (low pressure overlying warm water) in the tropical eastern Pacific and positively correlated in the western Pacific and Indian Oceans as observed. The spectrum shows weak variance maxima at 3-4.5 years (ENSO) and 10 years (decadal variability) which are not statistically significant (Fig. 1) .
In the 0 ka simulation, more than 75% of the annual precipitation in the Sahel region falls during July-AugustSeptember (JAS) in agreement with observations in both magnitude and seasonal distribution. Average JAS precipitation (Fig. 2) at latitude 16.7°N in the western Sahel (18.75-3.75°W longitude) is 4.1 mm/day but with large interannual variations from 8.4 mm/day in year 71 (a La Niña year) to 1.1 mm/day in year 76 (an El Niño year). Rainfall rapidly drops off farther north with negligible rainfall at latitude 20.4°N.
Mid-Holocene (6 ka)
The increased Northern Hemisphere summer insolation at 6 ka leads to an annual warming of high latitude oceans (Fig.  3a) . Areal extent of sea ice in the Arctic at 6 ka remains similar to present during the winter months but is about 20% less than present during the summer months. Tropical oceans at 6 ka are cooler than present on an annual basis by 0.2-0.6°C due to contributions of both lowered atmospheric CO 2 and a small negative annual insolation anomaly equatorward of 45° latitude. The simulated NINO3 index at 6 ka is comparable to the present-day simulation (Fig. 1) .
During the late summer-early fall at 6 ka, warming of the tropical north Atlantic at 15°N and cooling of the eastern equatorial Atlantic enhances the north-south SST gradient off the west coast of Africa (Fig. 3b) . The warming at 15°N is due to the increased summer insolation at tropical latitudes at 6 ka as a result of Milankovitch orbital changes as well as advection of warmer waters equatorward around the Bermuda high. The cooling over the equatorial Atlantic is due to decreased solar radiation reaching the surface because of increased middle and high clouds and increased precipitation over the equatorial Atlantic. The southern mid-latitude oceans warm in November-January. Proxy data (lake level, pollen) indicate a wetter climate in sub-Saharan Africa during the middle Holocene with increased lake and wetland coverage [Street-Perrott and Perrott, 1993] and a northward extension of steppe and savanna vegetation [Jolly et al., 1998 ]. Warming of the tropical north Atlantic Ocean shifts the subtropical high and ITCZ northward in July-August-September. Rainfall amounts increase to 6.5 mm/day at 16.7°N and 2.6 mm/day at 20.4° (Fig. 2 ). This agrees with other coupled atmosphere-ocean simulations which suggest that warmer SSTs in the tropical north Atlantic are needed in addition to direct orbital forcing changes over land to improve proxy-model correspondence in western North Africa [Kutzbach and Liu, 1997; Hewitt and Mitchell, 1998 ].
ENSO-Sahel Precipitation Correlations
Previous observational [Lamb et al., 1986; Lough, 1986] and modeling studies [Palmer, 1986; Folland et al., 1991] have shown correlations between global sea-surface temperature anomalies and rainfall anomalies in the western Sahel. Dry years are associated with El Niño conditions in the eastern tropical Pacific and a dipole pattern in the tropical Atlantic with positive anomalies south of ~10°N and negative anomalies north of ~10°N [Palmer, 1986] . The latter results in a weakening of the Atlantic Hadley cell and associated moisture flux into the ITCZ. El Niño/La Niña anomalies affect the strength of the Atlantic east-west Walker cells forcing anomalous subsiding/ascending vertical motions over western Africa [Palmer, 1986; Janicot, 1994] . The tropical Atlantic dipole-Sahel precipitation connection is best defined on decadal time scales with Pacific SST anomalies playing a larger role on sub-decadal time scales [Rowell et al., 1995] .
The present-day coupled simulation shows a correlation (Fig. 4) similar to observed between SST anomalies and western .75°W) rainfall anomalies. Western Sahel precipitation anomalies are negatively correlated with eastern tropical Pacific and tropical south Atlantic SST anomalies and positively correlated with tropical north Atlantic SST anomalies. Although the El Niño/La Niña signals are similar for 0 ka and 6 ka ( Fig. 1) , the correlations with Sahelian precipitation are remarkably different. At 6 ka, correlations of eastern tropical Pacific SST anomalies are small and positive, and correlations with tropical Atlantic anomalies exhibit a pattern of negative-positive-negative correlation from the equator to 30°N similar to the SST anomaly pattern of the asynchronous coupled atmosphere-ocean model results of Kutzbach and Liu [1997] .
These results show a much stronger correlation of Atlantic SSTs and negligible correlation of Pacific SSTs with Sahel rainfall for 6 ka compared to present. Janicot's [Janicot et al., 1996] analyses of observational data from 1945-1973 indicates strong teleconnections between El Niño/La Niña anomalies and west Africa rainfall after 1970, but only weak teleconnections until 1970. For the 1950's and 1960's, decadal variations resulted in a low-frequency component of Atlantic SST anomalies similar to the 6 ka September SST anomalies. Zonal divergent circulations under this regime decreased atmospheric teleconnections between the Southern Oscillation and Sahel rainfall. In addition, Lough [1986] , in his observational study of Sahel rainfall and Atlantic SST variability for the period 1911-1972, found that this correlation differed between the first and second portions of the period. The explanation is attributed to the rainfall types [Nicholson, 1980] dominant during each period. From 1948 From -1972 , when tropical Atlantic SST anomalies are significantly correlated to Sahel precipitation variability, rainfall type 1 (increased Sahel, decreased Guinea coast rainfall) and type 2 (decreased Sahel, increased rainfall to the south) dominate. In the period 1911-1939, when the correlation is weak, these rainfall types are rarely present. Rainfall type 1 dominates the Sahelian climate in the 6 ka simulation. 
Discussion and Conclusions
The NCAR Climate System Model is used to simulate the climate of the mid-Holocene (6 ka). In agreement with previous coupled model simulations, the tropical Atlantic warms at 15°N and cools at the equator due to both thermodynamical and dynamical responses in the atmosphere and ocean. These changes shift July-August-September western Sahel precipitation northward. Tropical eastern Pacific SSTs at 6 ka are cooler than present in all months except November when a slight positive anomaly (<0.2°C) exists along the equator. These cooler waters in the eastern Pacific counter the hypothesis of widespread warmer waters off the Peruvian coast at 6 ka and support the premise that faunal indicators of warmer conditions developed in narrow embayments [DeVries et al., 1997] . The ENSO signal is similar in both magnitude and frequency in the 0 ka and 6 ka CSM simulations.
Based on the interpretation of proxies of climate, it has been suggested that the mechanisms responsible for climate variability may have been different in the past. These proxies, though, contain uncertainties in their interpretation due to non-climatic influences, such as sea level change. The results of this study imply that the assumption used in paleoclimate reconstructions of a stationary global signature to ENSO SST anomalies may also need to be reassessed. Model simulations can be used to help sort out questions and interpretations of past climate variability.
